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Usefulness of SSR Derived
from Tetraploid Gossypium spp.
for Analyses of Diploid Gossypium spp.

M. Altaf-Khan
Samina N. Qureshi
Sukumar Saha
Johnie N. Jenkins
Curt L. Brubaker
Oumesh U. K. Reddy

ABSTRACT. This investigation is the first attempt to utilize tetraploid
species-derived primers to generate markers for mapping in diploid cot-
ton species. About 113 individual F, plants, developed from the cross
between Gossypium nelsoni and G. australe, were used to construct a
linkage map. One allotetraploid (AD,) G. hirsutum (TM-1) plant and its
putative diploid ancestors, G. arboreum (A,) and G. raimondii (Ds), were
also included for comparative analysis. We developed a high-throughput
multi-mix PCR assay for simple sequence repeat (SSR) marker separa-
tion using fluorescent-labeled capillary electrophoresis. Of a total of 205
tetraploid-derived SSR primers, 83% amplified in all four diploid spe-
cies, indicating that flanking primer sequences are conserved in the
diploid and tetraploid AD, genome of cotton. DNA sequence information
of 18 randomly selected clones revealed that all of the clones contained
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SSR repeat motifs in the diploid species, suggesting that SSR markers
including the flanking primer sequences have been conserved at the
inter-specific level in genomic DNA across years of evolution. About
85% of the amplified primers showed polymorphism among the diploid
genome species. Forty percent of SSRs in the diploid G. nelsoni and
35% in G. australe amplified the same size DNA fragment as in the
tetraploid, (TM-1). This is further evidence that many of the tetraploid
SSRs are conserved across diploid and tetraploid species. G. nelsoni
compared with G. australe had more conserved genomic regions in
common with G. hirsutum. From 73 markers scored in the F, population,
50 exhibited codominance and 23 dominance. There were 47 markers
linked across 10 linkage groups covering a total map distance of 754 cM
with an average of 16 cM per marker. One linkage group (Ig-3) with six
loci has been assigned to chromosome 20. Comparative analysis of
DNA sequences between G. hirsutum and its two putative parental dip-
loid species indicated that changes within a few selected clones have oc-
curred during evolution as follows: (1) by increasing or decreasing the
number of the repeat motif, (2) by single nucleotide mutations occurring
within or outside of the repeat motif, (3) by inter conversion of a simple
to a compound SSR motif, and (4) by inversion of the repeat regions.
Tetraploid-derived microsatellites should be useful in comparative ge-
netic mapping of both tetraploid and diploid Gossypium species for
evolutionary studies and introgression of agriculturally important traits
from exotic diploid and tetraploid germplasm sources. [Article copies
available for a fee from The Haworth Document Delivery Service: 1-800-
HAWORTH. E-mail address: <docdelivery@haworthpress.com> Website:
<http://www.HaworthPress.com> © 2006 by The Haworth 7Press, Inc. All
rights reserved. ]

KEYWORDS. Gossypium, diploid species, simple sequence repeats
(SSRs), linkage map, genome, evolution

INTRODUCTION

Cultivated species of Gossypium provide the world’s leading natural
fiber, cotton, and are also a major oil seed crop. The genus Gossypium
includes approximately 45 diploid and five allotetraploid species. There
are three major lineages of diploid species, corresponding to three conti-
nents: Australia (C, G, K genomes), the Americas (D genome), and
Africa/Arabia (A, B, E, and F genomes) (Stewart et al., 1995; Percival
et al., 1999). Upland cotton has a narrow genetic base and there is grow-
ing concern among cotton breeders that a lack of genetic diversity might
limit future breeding advances.
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The mapping of the cotton genome like other plant and animal spe-
cies has been accelerated by the use of microsatellite markers. Genetic
markers were developed in one of the A genome diploid cotton during
the early 1900s, but few markers were developed for the two cultivated
disomic tetraploids, G. hirsutum and G. barbadense (Endrizzi et al.,
1985). There is an urgent need to explore the genetic diversity in natural
populations and wild species of cotton. Much of the classification of ex-
isting germplasm collections of landraces and natural populations of
wild Gossypium is based on morphological traits, which is an imprecise
indicator of the genetic diversity. Hence their use in contemporary pro-
grams has sometimes met with failure, thereby stressing the importance
of biochemical and molecular markers to evaluate populations derived
from wild species to broaden genetic base of cotton.

Highly informative PCR-based genetic markers have been produced,
which facilitate research in genetics, breeding, genome mapping, and
sustainable management of genetic resources. These include amplified
fragment length polymorphisms (AFLP) (Zabeau and Vos, 1993; Vos
et al., 1995), and PCR-RFLP, also known as cleaved amplified poly-
morphic sequences (Konieczny and Ausubel, 1993), microsatellites or
SSRs (Akkaya et al., 1992) or simple sequence length polymorphisms
(SSLP) (Bell and Ecker, 1994). Microsatellites or SSRs are regarded as
highly polymorphic genetic markers.

The SSR, a relatively new class of DNA markers, are highly informa-
tive genetic markers. Microsatellites are hypervariable sequence arrays of
short motifs of 1-4 bp in length dispersed throughout plant genomes
(Tantz, 1989; Weber and May, 1989; Wang et al., 1994). These single
locus markers are characterized by their hypervariability, abundance, re-
producibility, and Mendalian inheritance and are usually co-dominant in
nature. The variation among microsatellites is thought to be due to the
slippage of DNA polymerase during replication or unequal crossing over,
resulting in differences in the copy number of the actual nucleotide se-
quences (Yu et al., 1999). Polymorphism among individuals arises from
changes in the number of the repeats. In other words, these markers meet
most of the requirements for ideal markers for assessing gene flow.
Tracking of microsatellite markers requires specifically designed primers
for the conserved flanking region of repeats and PCR amplification of
this region.

Microsatellites are widely used in the construction of linkage maps,
analysis of genetic structure of populations, and parent verification
(Rafalski et al., 1996). They are also suitable for studies on the evolution
of species (Goldstein and Pollock, 1997). A few examples of genetic
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diversity research for Gramineae species include rice, Oriza spp. (Cho
et al., 2000), finger millet (Eleusine coracana) (Salimath et al., 1995),
maize, Zea mays, (Chin et al., 1996; Kantety et al., 1995), barley,
Hordeum spp. (Becker and Heun, 1995; Russell et al., 1997), cotton
(Liu et al., 2000), and wheat, Triticum spp. (Bryan et al., 1997; Eujayl
et al., 2000; Plaschke et al., 1995).

Several SSR markers have been identified in tetraploid cotton species
and successfully used to develop anchor SSR for cotton chromosomes
to provide a basis for genetic mapping (Liu et al., 2000; Reddy et al.,
2001). There are also reports that SSR primers specific to G. hirsutum
L. have been used in mapping of G. barbadense L.(Liu et al., 2000a) and
G. nelsoni L., and G. australae L. (Qureshi et al., 2001).

Cross-species transportability of SSR markers seems to be a good
tool for genomic studies and can minimize the laborious cloning and
screening steps of SSR development (Liu et al., 2000; Dayanandan
etal., 1998, 1999; Echt et al., 1999). Similarly, microsatellite markers
isolated from olive, Olea europaea, were used for fingerprinting of an-
cient cultivars (Cipriani et al., 2002).

The majority of linkage maps reported in cotton are based on RFLP
markers (Reinisch et al., 1994; Shappely et al., 1998; Yu et al., 1998;
Brubaker et al., 1999; Ulloa et al., 2000, 2002; Brubaker et al., 2000).
Because of polyploidy and the complexity of tetraploid cotton genetics,
it is laborious and time consuming to develop a saturated RFLP map
of this large genome. An efficient PCR-based SSR system should be
useful. However, there is no report on the use of SSR markers from
tetraploid cotton in the mapping of diploid cotton species. The objec-
tives of the present study were (1) to determine if tetraploid-derived
SSR primers can be used to amplify DNA fragments in four diploid
genomes, (2) to use tetraploid-derived SSR to construct a linkage map
of an F, population from parental diploid G genome species (G. nelsoni
and G. australe), (3) to characterize the amplified products from dip-
loids for similarity of repeat motifs of SSR in the tetraploid.

MATERIAL AND METHODS

Plant Material

An F, population of 113 individual plants was developed from a cross
between two Australian diploid species of cotton (G. nelsoni and G.
australe) and used for genetic analysis and map development. TM-1, the
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genetic standard for Upland allotetraploid cotton genetics (G. hirsutum-
AD,), was included for comparative purposes. The diploid species
G. arboreum (A,) and G. raimondii (Ds), which are regarded as the puta-
tive ancestors of Upland cultivated cotton, were also included in the study.

DNA Extraction

DNA samples from the two diploid G species, the F, and 113 indi-
vidual F, plants were provided by Curt L. Brubaker (CSIRO, Australia).
Genomic DNA of A,, Dy, and TM-1 plants was isolated at the micro-
level from young leaves using a CTAB-based extraction method of
Altaf et al., (1997) with slight modifications. Approximately 0.5 g of
fresh young leaf tissue was homogenized in 0.7 ml of extraction buffer
[100 mM tris-HCI (pH 8.0), 20 mM EDTA (pH 8.0), 1 M NaCl, 2%
CTAB, 2% PVP-40, 1 mM 1-10, phenanthroline] and 0.2% [(3-mercap-
toethanol in a 1.5 ml centrifuge tube with the aid of a microtube pellet
pestle and an electric hand drill. After incubation for 1 hr at 60°C, the
suspension was purified twice in chloroform:isoamyl alcohol (24:1) by
centrifugation at 10,000 rpm on a desktop micro-centrifuge for 10 min
at room temperature and precipitated with an equal volume of cold iso-
propanol. The recovered DNA was spooled out, or pelleted by centri-
fuging at 10,000 rpm for 5 min, washed twice with 80% EtOH + 15
mM ammonium acetate and once with 95% EtOH, air dried, and dis-
solved in 100 to 200 pl of 10 mM Tris buffer (pH 7.5). To this sample 2
ul of Rnase A (10 mg/ml) per 100 pl of dissolved DNA was added.

Microsatellite PCR Amplification

Cotton-specific SSR primers were purchased from Research Genetics
(Huntsville, AL) and fluorescent labeled by Perkin-Elmer, Applied Bio-
systems. Multiplex PCR conditions were used, as per the method of Liu
et al. (2000), with some modifications. PCR reactions were performed in
10 pl volume containing 50 ng of cotton DNA, 1X Perkin-Elmer PCR
BufferIl (10 mM Tris-HCI, pH 8.3, 50 mM KCl), 2.5-3.5 mM MgCl,,
0.2 mM dNTPs, 0.15 mM of each single primer, 0.4 units of AmpliTaq
Gold (Perkin-Elmer Applied Biosystems). The amplification profile
consisted of an initial period of DNA denaturation and AmpliTaq Gold
activation at 94°C for 7 min, followed by 9 cycles (step 1) of 94°C for 15
sec, 65°C for 30 sec and 72°C for 1 min, by decreasing annealing tem-
perature 1°C in each cycle from 65°C to 56°C and 40 cycles (step 2) of
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94°C for 15 sec, 55°C for 30 sec and 72°C for 1 min. The extension tem-
perature of 72°C was held for 7 min. To verify amplification, PCR prod-
ucts were run on 2% agarose gel (Figure 1).

Gel Electrophoresis

Multiplex PCR products were separated and detected by using the ABI
PRISM 310 Genetic Analyzer (Perkin-Elmer, Applied Biosystems).
PCR products were diluted 1:20 for HEX and FAM, 2:20 for NED labe-
led primers with dd H,O. An aliquot of 3 pl of diluted solution and 0.2 pl
of ROX dye (an internal size standard) was added to 10 pl of formamide,
denatured at 95°C for 5 min, kept at 4°C for 5 min and loaded into ABI
PRISM 310 Genetic Analyzer (Perkin-Elmer, Applied Biosystems). The
amplified products were quantified using Gene Scan software.

Sequencing of PCR Products

To confirm the presence of the microsetellite repeats in the amplified
fragments, 18 amplified SSR PCR products were cloned and sequenced.
SSR products were amplified using selective unlabeled primer pairs and
run on 2% agarose gel for confirmation of right amplification products.
Cloning was performed using PCR4-TOPO TA Cloning® Kit for se-
quencing (Invitrogen Corporation, Carlsbad, CA) following the stan-
dard vendor instructions. Sequencing of these clones was carried out via
BigDye terminator cycle sequencing system (Perkin-Elmer, applied Bio-
systems, Foster City, CA) using M13-forward or M13-reverse primer.

FIGURE 1. Amplified products of a few selected SSR markers of diploid parent
species (G genome) were isolated using agarose gel and sequenced for com-
parative analysis with tetraploid cotton. M = 100 bp DNA marker, P = SSR
primer #, N = G. nelsoni, A = G. australe.

M P1423 P1646 P1030 P3779 P1878 P390 P2632 P2662 P3474 ||
bp NA NA NANANANANANANA
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Electrophoretic separation of sequencing products was performed on an
ABI PRISM 3700 DNA Analyzer 96-capillary automated sequencer
(Perkin-Elmer, Applied biosystems).

Sequence Analysis

Base calling was performed using Chromas ver. 1.5 (Technelysium
Pty. Ltd. Queensland, Australia). Contigs of double-stranded DNA se-
quences from each clone, identification of overlaps, redundancy among
clones, and vector sequence trimming were performed via Sequencher
ver. 4.0.5 (Gene Codes, Ann Arbor, MI). Amplified SSR sequences of
G. hirsutum (TM-1) were obtained from the cotton database at (http://
algodon.tamu.edu/htdocs-cotton/cottondb.html) and sequences were
aligned using web-based Clustal W 1.8 program. The dendrogram of
DNA sequences was constructed via MegAlign program of DNAStar
software package.

Linkage Analysis and Map Construction

All segregating markers in the F, population were subjected to x? test
at 0.1% probability. Linkage analysis was performed using MapMaker
3.0 set at a LOD score ranging from 3.0 to 5.0 and a maximum distance
of 50 cM between linked markers using Kosambi unit. Markers were or-
dered on linkage groups by using Compare and Order commands.
Graphical diagrams of linkage groups were drawn by using web-based
software GGT 32.

RESULTS AND DISCUSSION

The Upland cotton genome (AD) has a large amount of repetitive
DNA similar to other eukaryotic plant genomes (Endrizzi et al., 1985;
Baker et al., 1995; Zhao et al., 1998). Physically, the D genome chromo-
somes are shorter than the A genome chromosomes, but a greater amount
of repetitive DNA is present in the A genome than in the D genome
(Endrizzi et al., 1985). The regions flanking a microsatellite are highly
conserved at both the intra- and inter-specific levels in tetraploid cotton
and PCR primers for the flanking regions were used to identify chromo-
somal location of many of the available SSRs (Liu et al., 2000). Several
researchers have used the SSR method for genetic analysis in cotton be-
cause of their highly polymorphic nature (Altaf et al., 1997; Feng et al.,
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1997; Liu et al., 2000). They have been used in marker-assisted selec-
tion (Tanksley and McCouch, 1997) of wild and primitive germplasm
resources of other crops.

The cotton genome is genetically very diverse, about 5000 cM in
size. Several thousand microsetellites will be required to develop a
high-resolution saturated genetic map of Upland cotton. More than 500
microsatellite clones, containing primarily (GA)n repeats, have been
identified at Brookhaven National Laboratory. Several of these sequen-
ces are redundant. Primer pairs for the amplification of ~240 of these
loci (designated BNL for Brookhaven National Laboratory) have been
made available to the cotton research community through purchase
from Research Genetics, Huntsville, AL. An additional 150 (GA)n re-
peat loci (designated CM for cotton microsatellite) have been isolated at
Texas A & M University (Connell et al., 1998; Reddy et al., 2001).
Reddy et al. (2001) identified an additional 300 SSR markers using
SSR-enriched genomic libraries. Liu et al. (2000) reported the chromo-
somal assignment of several BNL and CM microsatellite markers
in Upland cotton using cytogenetic stocks. SSR primers specific to G.
hirsutum L. have been used in mapping G. barbadense L.(Liu et al.,
2000). Despite these advances, a large number of additional markers are
needed to meet the needs of functional genomic mapping in cotton.

Use of Tetraploid-Derived SSR Primers in Diploid Species

The utility of microsatellite markers for the study of genetic diversity
and mapping within wild and cultivated germplasm of some crop plants
is well established. Due to the narrow genetic base of cultivated cotton,
there is a need to use genes from wild germplasm to meet future genetic
challenges. Regions flanking microsatellite loci are often conserved among
closely related species (Moore et al., 1991), allowing the use of primers
developed for one species to amplify loci in closely related species.
Although these SSR primers were derived from tetraploid G. hirsutum
species, they have successfully amplified microsatellite flanking regions
of two wild diploid G genome species and the two wild diploid putative
ancestor species (G. arboreum and G. raimondii) of Upland cotton.

A total of 255 primers derived from tetraploid upland cotton species
were used to amplify genomic DNAs of diploid G. nelsoni and G. aus-
trale (G genome), their F; and individual F, plants. DNA samples from
tetraploid G. hirsutum genetic marker line TM-1 (AD, genome) and one
of its diploid ancestor G. raimondii (D5 genome) were also used for the
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comparison of amplified products between tetraploids and diploid spe-
cies. Seventeen percent of the total primers analyzed did not give any
amplification among the five species analyzed in this study and 19% of
the primers did not give any amplification product among any diploid
genome species. Although the G genome species (G. nelsoni and G.
australe) used in this study originated from Australia and are distantly
related to cultivated tetraploid cotton, they showed a high level of am-
plification and only a small portion of primer pairs failed to amplify a
product. These failed amplification products are most likely due to se-
quence alterations, such as point mutations, deletions or inversions,
within the priming sites as reported by Devos et al. (1995).

About 85% of the tetraploid-derived primers that produced amplified
products exhibited polymorphism among the four diploid species. The
polymorphic primers between the two diploid G genome parents ampli-
fied 1-3 DNA markers per primer. This indicates a great genetic diver-
sity exists at the molecular level between these two morphologically
similar diploid species of the G genome. The trend of each SSR primer
to amplify 1-2 markers in diploid species is similar to what Liu et al.
(2000) reported for use of primers across two tetraploid species. We
also observed that amplified SSR product always showed stutter bands,
which is a typical pattern for SSR markers. This provides further evi-
dence that the amplified band is an SSR product. Our results are the first
report of SSR markers in diploid G cotton species, and they also provide
evidence that many of the currently available SSR tetraploid-derived
primers can be used to map diploid species of cotton.

Comparisons Among Tetraploid Upland Cotton
and Its Diploid Ancestors

The cultivated species of cotton, G. hirsutum (AD; genome) is a
tetraploid and has reportedly evolved from hybrids of two diploid spe-
cies, G. arboreum (A,) and G. raimondii (Ds) over a long period of time.
In this study, we also included three important genomic groups (A, D,
AD, genomes) in addition to the two G genome species (G. nelsoni and
G. australe). Comparison of homologous genome-specific repetitive
DNA sequences from closely related organisms not only provides infor-
mation about the evolution of the sequences themselves, but also shows
relationships among species.

The present examination of tetraploid-derived SSRs in diploid and
tetraploid species revealed some interesting features. When we com-
pared the PCR-amplified products produced from the same set of SSR
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primer pairs across the genomes (Table 1), we observed some very im-
portant evolutionary aspects of ploidy formation. We found that 43%
and 42% of the amplified SSR products from A, and D5 genomes, re-
spectively, were of the same size as the amplified product in the tetra-
ploid genome AD,. We found 40.5% and 33.3% of the amplified
products from the two G genome diploids were of the same size as the
SSR products of the tetraploid AD,. If we compare the same products in
both G genomes with any of the other three genomes, however, there
was less than 10% size homology. We found 43.1% of the SSR frag-
ments were of the same size between A, and D5 genomes, indicating a
close relationship between these two diploid species. When we com-
pared the G genome, we found that 40.5% of G. nelsoni fragments were
of the same size as in the AD, genome; whereas 33.3% of the G.
australe fragments were of the same size as the AD, fragments. A
slightly greater percentage of the amplified fragments from G. australe
were size-monomorphic with A, and Dy than when G. nelsonii was
compared with A, and D5 (Table 1). This study revealed that a consider-
able number of copies of repetitive DNAs are conserved among closely
and distantly related species of the genus Gossypium and these cross-
specific regions of the genome can be utilized for comparative mapping
to expand the genetic base of cotton.

Inheritance of G Genome Markers

In the F, population, dominant and co-dominant markers were scored
based on parental screening of G. nelsoni and G. australe (Table 2). We
scored 73 polymorphic SSR markers in the F, population. Out of these
73 markers, 50 exhibited co-dominance and 23 dominance in F, popula-
tion. Chi-square test indicated that 44% of the markers exhibited dis-
torted segregation in the F, population. Up to 70% distorted segregation
has been reported in diploid populations of alfalfa (Diwan et al., 2000)

TABLE 1. Percentage of SSR markers homology among tetraploid and diploid
genomes of cotton.

Genome AD, A, Dg G
G. nelsoni 40.5 20.2 21.7
G. australe 33.3 35.4 29.1
AD, 43.1 42.2 8.5
A, 43.1 5.1

Dg 6.8
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TABLE 2. Inheritance and segregation of SSR markers among F, population,
parents and primer sets.

Genotypes and Primer Sets Inheritance Segregation
Co-Dominant  Dominant Normal Distorted

Fs 50 23 41 32

G. nelsoni 9 2 7

G. australe 14 5 9

BNL primers 29 19 31 17

JESPER primers 21 4 10 15

and many other crops, including cotton (Reinisch et al., 1994; Shappely
et al., 1998; Brubaker et al., 1999, Altaf et al., 1999; Ulloa et al., 2002).
Out of 23 dominant markers, 14 originated from G. australe and 9 from
G. nelsoni with a distortion percentage of 39% and 30%, respectively,
within dominant markers for these two species. Of the 73 polymorphic
markers segregating in the F, population, 48 markers were amplified by
the BNL primer pairs and 25 markers from JESPER primer pairs and
these had distorted segregation in 35% and 60% of the markers, respec-
tively (Table 2).

Mapping of the Diploid G Genome

Many useful applications of molecular markers require a genetic map
that is reasonably saturated with markers. The array of mapped markers
now available in some crops is bringing such applications within the
reach of researchers. Even the more demanding and sophisticated appli-
cations (e.g., QTL mapping, positional cloning, marker-assisted selec-
tion) are now materializing in crops such as tomato (Lycopersicum
esculentus), maize, rice, lettuce (Lactuca sativa), and potato (Solanum
tuberosum) as well as Arabidopsis spp. Despite these advances in many
plant species, a single, high density, unified map for cotton does not exist.
In cotton, existing maps have been developed mostly using RFLP marker
systems (Reinisch et al., 1994; Shappely et al., 1998; Yu et al., 1998;
Brubaker et al., 1999; Ulloa et al., 2000, 2002; Brubaker et al., 2000).

Only two maps comprising most of the AFLP markers in cotton (Altaf-
Khan et al., 1999; Reddy et al., Unpublished) have been reported up to
date. Until now, the genomic information in the cotton genome has not
been explored via use of SSR markers due to the paucity of available
SSR primers in cotton. Our diploid map is the first reported cotton map
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among the G genome species that uses SSR markers. In addition, the
map provides the opportunity to explore new genetic avenues to use the
Australian G genome diploid species to expand the narrow genetic base
of the Upland cotton.

In this study 73 polymorphic markers were scored from the F, popu-
lation of G. nelsoni x G. australe and used to develop a linkage map
(Figure 2). Out of 73 markers, 47 were linked across 10 linkage groups,
covering a total map distance of 753.7 cM with an average of 16 cM
distance between markers, while 26 markers were unlinked. The largest
linkage group (Ig-1) had a map distance of 209.2 cM with 9 markers;
whereas, the smallest linkage group had a map distance of 4.9 cM with 2
markers. In linkage group one (Ig-1), there were 4 heterozygous loci
generated by the JESPER primer set and the remaining 5 loci were gen-
erated by BNL primer set and showed dominant inheritance with the
BNL markers originating from female parent G. nelsoni. It appears that
the genomic contribution in this linkage group was more from female

FIGURE 2. Linkage groups developed from F, population of G. nelsoni and
G. australe. Marker name is written on the left side that includes SSR primer
name (either BNL or JESPER), primer number, origin of marker “n” for
G. nelsonii and “a” for G. australe followed by marker size in bp. Genetic
distanc in cM is on right side and name of each linkage group is written at the
bottom.
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parent than male parent. Linkage group 2 (Ig-2) had 5 heterozygous
markers and 2 dominant markers from male parent (G. australe). Link-
age groups lg-3, 1g-4, 1g-6, 1g-8, 1g-9, and 1g-10 possessed mostly het-
erozygous loci and showed approximately an equal contribution of
markers from both parents. Inheritance of 1g-5 and 1g-7 was predomi-
nantly from male parent as a majority of the dominant loci originated
from G. australe.

Markers were randomly and evenly distributed over the 10 linkage
groups of the G genome map except for 1g-5 and 1g-6. In 1g-5, three domi-
nant loci (BNL3084-a107.5, JESPER-u51-a133.2, JESPER-d32-a106.0)
from G. australe were clustered at one point and in 1g-6 two heterozy-
gous loci (BNL1030-n224.4/a228.5 and BNL2662-n224.7/a228.8) had
less than 1 cM distance between them. This indicates a lack of recombi-
nation at these points and these locations might be in the centromeric
or telomeric regions. One linkage group (Ig-3) has been assigned to
chromosome 20 of the cotton genome based on information from Liu
etal. (2000) about anchor SSR loci. In this linkage group, two loci
(BNL3008-n136.9 and BNL 3008-n121.3/a123.2) were generated by
the same primer pair (BNL3008) and in the same product size range as
reported by Liu et al. (2000).

Diploid cotton genome has 26 chromosomes (n =13, 2x =26) with an
approximate genome size of 2000-2500 cM; whereas Upland cotton ge-
nome size is estimated at 5000 cM (Reinisch et al., 1994). Our diploid G
genome map covered ~35% of the cotton diploid genome. These mapped
SSR markers should aid in the identification of chromosomal regions in
the A and D genomes of tetraploid Gossypium species that are homeo-
logous to the diploid species of the G genome and should thus accelerate
gene identification efforts based on positional cloning and candidate
gene approaches. Reinisch et al. (1994) discussed the advantages of us-
ing diploids for physical mapping and map-based cloning to overcome
the challenges due to complex nature of the polyploid Upland cotton
(2n =26, 4x = 52).

Repeat Type and Sequence Homology of SSR-Amplified Products
Between Diploid G Genome and the Tetraploid AD; Genome

In order to demonstrate the presence of bonafide teraploid SSR
ortholoci in these wild diploid species, PCR products were cloned from
amplifications using primer pairs that showed substantial cross-species
transfer. A total of 18 PCR products (7 from G. nelsoni and 11 from G.
australe) amplified by 11 primer pairs were cloned and sequenced to
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confirm the presence of repeat motifs in these products (Table 3). These
products included co-dominant and dominant markers from both spe-
cies. The repeat motifs for tetraploid G. hirsutum were obtained from
cotton database for the same primer pair and compared with the repeat
motifs we identified in the diploid species. Both diploid species, G.
nelsonii and G. australe, contained similar perfect (CT),, (GA), and
compound (CA, TA), repeat types in both 5-3" and 3’-5' directions
except BNL 3997 that generated perfect repeats in G. nelsoni but com-
pound repeats in G. australe. Of the two dominant markers from G.
australe, one (BNL2569) exhibited perfect (GA)g and the other (BNL-
3474) showed interrupted (CA5, AA, CAy) repeat types. There were
considerable similarities and differences between repeat types in tetra-
ploid G. hirsutum and diploid species. These differences might be due
to the genomic distance between the tetraploid and diploid species as
well as mismatches during DNA amplification process. Repetitive ele-
ments in the genome vary considerably among species and the Upland
cotton genome appears to be among those containing the fewest families
and the lowest relative abundance of tandem repeated DNA (Baker
etal., 1995). Walbolt and Dure (1976) observed that the cotton genome
was comprised of approximately 60.5% unique sequence DNA, 27%
middle repetitive sequence DNA and the remaining approximately
12.5% highly repetitive sequence DNA. Baker et al. (1995) also found

TABLE 3. Selected SSR primer products after sequencing with amplified
marker size and repeat motif among three species.

Primer Marker Size (bp) Repeat Motif

@G. nelsoni G. australe  G. nelsoni G. australe’ G. hirsutum
BNL390! - 215 - GAg GAy4, T, AGy
BNL1030 224 228 CAg, TAy4 CA;, TAyp GT46, CAy3
BNL1423 140 122 CTyg CTys AGy,
BNL1646 212 175 CTyg CTyg AGy,
BNL1878! 152 155 GAg CTg AGy,
BNL2569 - 155 - GAg GA;3
BNL2632 216 224 GAy3 GAx3 GA44, TCyy
BNL3474! - 187 - CAs, AA,CAg CAyg
BNL3779 222 207 CA,, TA, CA,, TAg TGy5
BNL39891 - 244 - CTog TCyg
BNL3997 150 153 CA,, CAg,CT3 AC,g, TGyg

j Only one fragment was sequenced.
Repeat motif were obtained from cotton database.
! Dominant marker only.
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similar results, observing that the upland cotton genome consists of ap-
proximately 61% unique and low copy number DNA sequences, 32%
highly repetitive and middle repetitive classes of DNA and 3% highly
repetitive class of DNA sequences. They found a higher percentage of
(CT), and (GT), dinucleotide repeat types compared with other types.
Dinucleotide and trinucleotide repeat types are widespread in the cotton
genome if one considers several species. Reddy et al. (2001) targeted
SSR regions in cotton to develop a new set of SSR primers called
“JESPER primers” and found 32% dinucleotide, 42% trinucleotide, and
1.3% hepta- and hexanucleotide repeat types. In their study, 25% of the
SSR comprised compound repeat types with the most abundant being the
AGA repeat, followed by GA, CA, and ACA repeat types. Our data from
cloned sequences of diploid species G. nelsoni and G. australe consisted
of the same repeat types as present in the tetraploid species of the cotton
genome. The predominant SSR motif isolated in this study was of the
types (CT), and (CA), (Table 3).

Figure 3 illustrates a DNA sequence alignment for locus BNL1030,
using a single representative clone from each diploid species. This cloned
sequences from PCR products of the diploid species showed a very high
degree of identity for sequence and repeat type with a sequence of the
same primer product from the tetraploid cotton obtained from the cotton
database. Some clone-to-clone variation was observed among sequences
derived from both diploid species, which may be attributable to primer
mismatch and or allelic variation due to heterozygosity.

DNA sequence analysis of individual cloned amplification products
confirmed the presence of SSR repeats in both of the wild diploid spe-
cies. A high degree of sequence conservation was detected among the
flanking regions of diploid and tetraploid species, although single nu-
cleotide differences and various pairwise insertion or deletion polymo-
rphisms distinguished each of the species.

Phylogeny of SSR Flanking Regions Among Diploid
and Tetraploid Genomes

A dendrogram was generated from 18 cloned DNA sequences of
G. nelsoni and G. australe and DNA sequences of G. hirsutum from the
cotton database for the same SSR primer pairs (Figure 4). The com-
bined data generated by flanking regions of 11 primer pairs distin-
guished three species at DNA sequence level. Four types of phylogenic
cluster combinations were observed. First, four primer pairs (BNL3779,
BNL1030, BNL2632, BNL3997) produced closely related homologous
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FIGURE 3. Sequence alignment of three species from cloned amplified prod-
ucts using one teraploid derived SSR primer pair (BNL1030). DNA sequence
for G. hirsutum was obtained from cotton database. DNA sequence identities
across three species are indicated with an asterisk (*). Regions with repeat
motifs are represented under the bold line.

BNL1030-G. hirsutum GAGAGAGRAACCACTTCTGCATCTGGATCTAACATCAC
BNL1030-G.nelsonii GGATCTAACAGCAC
BNL1030-G.australe GTCCTGCAGGTTTARACGAATTCGCCCTTARACCACTTCTGCATCTGGATCTAACAGCAC
FERTRARNTANT *AT
BNL1030-G. hirsutum CCAATTATATTTTCCAATTAGACAAARRGAAAGCCARTCATGAACACARACACACACACA
BNL1030-G.nelsonii CCAATTATATTTTCCAATTAGACARAAAGARAGCCAATCATGARCAC A= ————mmmm e e
BNL1030-G.australe CCAATTATATTTTCCAATTAGACARAAAGRAAGCCAATCATGARCACA-———————————
T T T A N T A T N A T T A A T A A N T A A A AN A A AN TN AN ANAANNTANNTS
BNL1030-G.hirsutum CACACACACACACACATATATCCATTTTGAATA-———ATTGGGTARAAAGCTTTCAT--4
BNL1030-G.nelsonii ——---- CACACATATATATATCCATTTTGGATATATAATTGGGTAAAAAGCTTTCATTTA
BNL1030-G.australe ~—CACACACACATATATATATCCATTTTGGATATATAATTGGGTAAAAAGCTTTCATTTA
EERREEE F KEERREERARNNARNNLEN X% ERERR AR RTRNNTRNRNTRNRNREDS *
BNL1030-G.hirsutum TATATATATAATACGTACCAGGTGTTCCTGCGGGTCTTCTTTTCCTCTTATTGTTGTTAT
BNL1030-G.nelsonii TATATATATAATACGTACCAGGTGTTCCCGCGGGTCTTCTTTTCCTCTTATTGTTGTTAT
BNL1030-G.australe TATATATATAATACGTACCAGGTGTTCCCGCGGGTCTTCTTTTCCTCTTATTGTTGTTAT
EEEEERRNERRNRERNRERNRNEANRNERNRNNARNRNY A AN RN E A RS R RNRA NN AN TANRNSRNRNAARNNRNRDS
BNL1030-G. hirsutum TACCATTGTCTATGCATGTAAATGGCTCCARAGAAGGAAGTGAGG——
BNL1030-G.nelsonii TACCATTGTCTATGCATGTARATGGCTCCARACTGGGCGGTTTTATG
BNL1030-G.australe T

*

sequences with less than 20 bp substitutions between G. nelsoni and
G. australe, indicating the conservation of this region between these
two species. Second, three primer pairs (BNL1878, BNL 2569, BNL-
3474) exhibited homology between G. hirsutum and G. nelsoni with a
variation of less than 20 nucleotides. Third, another set of three primer
pairs (BNL390, BNL1423, BNL3989) also targeted a conserved region
between G. hirsutum and G. australe with a range of nucleotide substi-
tution from ~5-25 bp. Fourth, there were four major groups of these DNA
sequences among three species with a varying numbers of nucleotide
substitutions revealing that SSR flanking regions contained a high num-
ber of informative substitutions and such variation proved to be particu-
larly useful for distinguishing between very closely related species,
such as G. nelsoni and G. australe. The resolving power of this analysis
is clearly limited by the number of species and number of cloned se-
quences used; nevertheless, the main aim of this investigation was not
to define phylogenetic relationships among these species but rather to
show the potential application of SSR flanking regions across the spe-
cies.
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FIGURE 4. A phylogenetic dendrogram developed by DNA sequences SSR
flanking regions among G. hirsutum, G. nelsoni, and G. australe. DNA se-
quences for G. hirsutum were obtained from cotton database.
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BNL1646-G. ausirale
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In conclusion, benefits of investigating cross-species amplification
of SSR loci in the Gossypium are multiple. These studies indicated that
tetraploid-derived SSR primers could be successfully used in the dis-
tantly related diploid species of cotton. Large portions of SSR flanking
regions appear to be conserved among diploid and tetraploid genomes
of cotton. Linkage groups developed in this study are useful in compar-
ative genomic and evolution analysis between tetraploid and diploid
species because many of these markers have been mapped in the tetra-
ploid species of cotton.
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